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Meeting Temporary Facility Energy Demand with
Climate-Optimized Off-Grid Energy Systems
Jay Pearson (Member IEEE), Torrey Wagner, Justin Delorit, and Steven Schuldt

Abstract-- Remote and contingency operations, including
military and disaster-relief activities, often require the use of
temporary facilities powered by inefficient diesel generators that
are expensive to operate and maintain. Site planners can reduce
operating costs by increasing shelter insulation and augmenting
generators with photovoltaic-battery hybrid energy systems, but
they must select the optimal design configuration based on the
region’s climate to meet the power demand at the lowest cost. To
assist planners, this paper proposes an innovative, climateoptimized, hybrid energy system selection model capable of
selecting the facility insulation type, solar array size, and battery
backup system to minimize the annual operating cost. To
demonstrate the model’s capability in various climates, model
performance was evaluated for applications in southwest Asia and
the Caribbean. For a facility in Southwest Asia, the model reduced
fuel consumption by 93% and saved $271 thousand compared to
operating a diesel generator. The simulated facility in the
Caribbean resulted in more significant savings, decreasing fuel
consumption by 92% and saving $291 thousand. This capability is
expected to support planners of remote sites in their ongoing effort
to minimize fuel supply requirements and annual operating costs
of temporary facilities.
Index Terms--Photovoltaic cells,
engineering and theory, Optimization

Microgrids,

Systems

I. INTRODUCTION

F

OR military or disaster relief operations, the creation of
isolated bases in remote locations are often required. These
bases typically have little to no access to an established power
grid and are required to generate energy for any of the base’s
power requirements [1]. In order to provide sustained power for
the base, fuel resupply convoys are required to make frequent
trips from a fuel depot to the remote location. The fuel from
these convoys is then used to run multiple generator units
spread throughout the base. During the Iraq and Afghan Wars,
the U.S. military sustained its remote sites with daily deliveries
of more than seven and a half million liters of fuel. This method
of power production is extremely resource-intensive; costs not
only include the purchase price of the gasoline but also in
transportation, and security factors. This leads to a Fully
Burdened Cost of Fuel (FBCF) that ranges from three to nearly
12 dollars per liter [2]. This leads to a significant cost when
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considering that diesel generators are typically run 24 hours per
day, every day of the year. Using a FBCF of $4/L, the annual
operational cost of the baseline generator case was $357K.
To reduce the high annual operating cost of generators, base
planners have begun to incorporate the use of Hybrid Energy
Systems (HES). These systems combine different energy
generation technologies resulting in a more robust energy
generation system. Predominantly, these systems consist of
photovoltaic (PV) panels, a battery backup system, and a diesel
generator [3]. Both field testing and simulation-based modeling
have been used to verify the effectiveness of these systems.
Field testing has proven that these technologies can be
integrated into both existing power grid-connected systems and
island systems [4] [5] [6]. Models have also been developed to
optimize the system performance or the cost of a HES [3] [7]
[8] [9] [10].
This paper is structured as follows: Section II provides a
background for integrating HES systems into isolated bases as
well as a background of efforts to model these interactions.
Section III defines the parameters used to create the energy
requirement model, while Section IV details the results of
shelter analysis to minimize system component and operations
cost. Section V provides a summary of the study and concluding
thoughts.
II. LITERATURE SEARCH
Providing fuel to geographically isolated bases is an
essential element for the operation of the camp. This has
become such an accepted notion that when military planners
participated in wargames up until 2007, the United States
Department of Defense assumed its fuel logistics were free and
invulnerable [2]. Planners now include fuel logistics to include
the FBCF when developing future camps. This inclusion has
driven the requirement to develop technology to reduce the
demand for fuel at remote bases. The response included various
field tests that integrated existing products directly into shelter
systems. One of the more comprehensive tests performed
included evaluating different shelter insulations and thin-film
PV technologies to directly offset the power demand of the
shelter [4] [11]. Another demonstration explored the possibility
of integrating a self-contained HES, consisting of PV panels,
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lead-acid batteries, and a diesel generator, into a camp with
moderate success [6].
To further reduce the fuel consumed at a remote base, studies
sought to improve the efficiency of the Environmental Control
Unit (ECU) that is commonly used to maintain interior
temperatures within shelters. One study reported that as much
as 80% of the energy consumed at a remote base is due to
heating and cooling loads [12]. By improving an ECU’s energy
efficiency by 10%, one study showed that the savings in fuel
costs of a large base could be as high as $2.42 million per year
[13].
In addition to live demonstrations, many studies have
focused on optimizing output, cost, and size of HES systems.
These models range from electrifying rural areas in Algeria [7]
to sizing a HES system to provide power to an Indonesian island
[3]. Additionally, models have also been applied to military
bases in order to increase energy resilience and cost [8], as well
as evaluating the economic payback of investing in energysaving technologies, such as LED lighting, different shelter
systems, and different insulation methods [9].
Despite the significant contributions of the aforementioned
research studies and demonstrations, there is no reported
research that focused on: (1) analyzing the performance of
single shelters; (2) computing system energy requirements
based on local weather data; (3) integrating the insulative value
of a structure directly into the energy requirement; (4)
accounting for the insulation material’s impact on cost and
performance; and (5) minimizing annual operating cost by
computing the optimal tradeoff between PV array size, lithiumion energy storage capacity, diesel generator use. Accordingly,
this paper demonstrates a novel model that addresses the
aforementioned limitations.
III. METHOD AND MODELING
The present model analyzes an Alaska Small Shelter System
because it is representative of the temporary facilities most
frequently utilized in military and disaster-relief operations.
The Alaska Small Shelter System consists of hollow aluminum
segments held together by rack and pin, as shown in Figure 1.
The system is placed directly on the ground with a fabric liner
used as a floor. The exterior shell is made of a polyvinyl
chloride-coated material 1.6mm thick [14]. All insulation for
the system is placed on the interior and connected to the
structural members of the shelter. The final dimensions of the
tent are 9.9 m x 6.1 m x 3.1 m (L x W x H), with an exterior
fabric surface area of 124 m2.

With the intent of reducing the ECU energy requirement for
a shelter system, a loading profile was chosen to simulate field
conditions. The load profiles are directly related to the type of
ECU used and the insulation properties of the liner used. For
this model, the specifications from an HDT 60K Improved
Environmental Control Unit (IECU) were used [16]. The effects
of insulation are easily observed and are demonstrated in Figure
2. The uninsulated tent on the right has a higher exterior
temperature, indicating an increased rate of heat loss from the
shelter.

Fig. 2. The thermal profile of an insulated tent (left) against an uninsulated tent
(right) [9].

The insulation properties of the shelter in this study are
modeled as one-inch thick layers of material. Their
corresponding insulation values are listed in Table 1. These
values are used in conjunction with thermal resistivity values
for exterior and interior air films as well as the shelter’s exterior
material.
TABLE I

Model Input Parameters
Component
PV system loss

20% [8]

PV system efficiency
PV capacity per m

Parameter

15% [8]

2

106.6 W [8]

Li-ion Battery Allowable Depth of Discharge

80% [21]

30 kW Generator avg fuel consumption rate

10.2 L/hour [6]

ECU Peak Cooling Capacity

12.3 kW [16]

ECU Peak Heating Capacity

8.8 kW [16]

ECU Energy Efficiency Ratio 𝑊ℎ𝑒𝑎𝑡/𝑐𝑜𝑜𝑙 ⁄𝑊𝑒𝑙𝑒𝑐
Tent Material R-value [𝑚2 ℃/𝑊]

1.69 [16]
0.0084 [14]

Fiberglass liner R-value [𝑚2 ℃/𝑊]

0.60 [20]

Thinsulate liner R-value [𝑚2 ℃/𝑊]

0.83 [13]

Aerogel liner R-value [𝑚2 ℃/𝑊]

1.62 [13]

2

Outside Air Film R-value [𝑚 ℃/𝑊]

0.030 [22]

Interior Air Gap R-value [𝑚2 ℃/𝑊]

0.12 [22]

The case studies model the use of a single islanded microgrid
serving all loads, whose architecture is shown in Figure 3. The
architecture is then described in more detail and summarized in
the operation flowchart presented in Figure 4.

Fig 1. The exterior and interior view of the modeled Alaska Small Shelter
System [15].
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in the two climates in terms of their observed temperature and
solar insolation levels.

Fig 3. Systems block definition diagram model of the simulated microgrid.

The modeled operation flowchart is shown in Figure 4.
Power is primarily generated through the photovoltaic solar
array and is passed through an inverter to supply the alternating
current primary load. Excess power generated from the solar
array is stored in a lithium-ion battery, and is dissipated in a
load bank if the battery is fully charged or failed. When the solar
array is not able to meet the primary load, electricity is passed
from the battery through the inverter to the load until fully
discharged. If the battery is fully discharged and the solar array
is not producing sufficient power, the system controller turns
on the diesel generator to supply the deficit.

Fig. 5. Temperature (blue) and Insolation (red) data from Kabul, Afghanistan,
over the course of 2018.

Fig. 6. Temperature (blue) and Insolation (red) data from San Juan, Puerto
Rico, over the course of 2018.

Fig 4. HES operation flowchart.

The objective of the hybrid energy system optimization
model is to minimize the annual operating cost of the system.
The model calculates the optimal balance between the size of
the solar array, the size of the battery, the type of insulation
used, and the cost associated with purchasing these
components. This cost is then compared to the system’s annual
savings in terms of fuel cost saved.
The solar potential that can be harnessed from the system
was determined using NASA’s global weather data [17] [18].
2018 Weather data, in one-hour interval periods, was used from
two locations, Kabul, Afghanistan, and San Juan, Puerto Rico.
These two locations were chosen to demonstrate the model’s
applicability in determining HES for both military applications
as well as disaster relief operations. These two locations have
distinctly different climates and highlight the range of solutions
generated from the model. Figures 5 and 6 show the differences

To demonstrate the present model’s capabilities, the
MATLAB software suite was used for all system analysis. As a
test case, a two-day period in late July in Kabul, Afghanistan is
used to demonstrate the model’s ability to predict the energy
usage when there is an abundance of incoming solar radiation
and large outside air temperature change. This time period
demonstrates the model’s behavior under peak ECU loads and
provides a visual feasibility check in relation to different model
variables.
The cost data utilized in the optimization model are
displayed in Table II. They account for the initial cost of a PV
array, the battery storage system, the cost of insulation, and the
fuel costs associated with running a backup generator. The
insulation costs are based on the unit cost of the material plus a
historical markup factor for producing a product that is
compatible with the shelter system. The table also refers to the
FBCF in dollars per gallon. This term refers to the commodity
price plus the total life-cycle cost of all personnel, assets, and
infrastructure required to move and protect fuel from the point
of sale to the end-user [3].
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TABLE II

in the heat flow of the different materials, accounting for their
thickness and thermal conductive properties. Figure 8 shows the
different resistive layers that are accounted for within the
model.

Cost Input Parameters
Component
PV array price per area [per m2]
Lithium-ion battery system [per kWh]

Parameter
$245 [8]
$400 [8]

Fiberglass liners [per tent]

$5,000 [20]

Thinsulate liners [per tent]

$6,400 [20]

Aerogel liners [per tent]

$64,000 [20]

Fully Burdened Cost of Fuel (FBCF)

$4/L [8]

IV. ANALYSIS
The temperature and incoming solar radiation data from
Kabul, Afghanistan, during the week of 23 July 2018, is plotted
in Figure 7. It shows the large temperature swings experienced
in the area, ranging from 11 to 39 degrees Celsius.

Fig. 8. Thermal Resistances affecting the heat flow from the shelter when To >
Ti. When To < Ti the heat flow (represented by the arrows) changes directions

In Figure 9, Equation 1 is plotted for the values of insulation
used in this analysis, highlighting the sensitivity of power draw
to the temperature set point. It is apparent that the minimal
amount of power is required when the outside temperature
equals the inside temperature set point of 21 ℃. As the outside
temperature increases or decreases away from this set point, the
power required to maintain the indoor air temperature increases
until it reaches the peak heating or cooling capacity of the ECU.
As the figure demonstrates, the change in temperature rapidly
brings an ECU connected to an uninsulated shelter to peak
performance. Conversely, tents with insulative layers require a
much larger temperature swing needed to bring their respective
ECUs to peak heating/cooling [5] [19].
Fig. 7. Temperature and Incoming Solar Radiation profiles of Kabul,
Afghanistan on 23 July 2018 – 26 July 2018 [17] [18].

From the data presented in the Net Zero Plus Joint Capability
Technology Demonstration study and the specification sheet for
the ECU, a linear relationship was generated empirically from
comparing the outside air temperature to the power draw of the
ECU at any given time [5] [16]. Using the outside temperature
as an input for each iteration, a power draw for the ECU can be
calculated using equation (1). This equation is used when the
unit is not operating at peak capacity (Table 1) for either heating
or cooling.
𝑃𝐸𝐶𝑈 [𝑘𝑊] =

3 × 𝐴𝑡 × |𝑇𝑜 − 21℃|
+ 2 𝑘𝑊
∑ 𝑅𝑖 × 𝜂𝐸𝐶𝑈 × 1000

(1)

Eq. 1. ECU power draw equation. 𝜂𝐸𝐶𝑈 represents the energy efficiency ratio
of the ECU, 𝐴𝑡 [𝑚2 ] is the exposed surface area of the tent, 𝑇𝑜 [℃] is the outside
air temperature, R [𝑚2 ∙ ℃⁄𝑊 ] is the summation of thermal resistances by the
air films, tent material and insulation [19] [20]. 2 kW is added as a base load
requirement to run the ventilation fan. The 3 is a constant to account for
additional heat transfer through convection, radiation, and air infiltration [4]
[5].

Fig. 9. ECU power draw vs. outside air temperature for various levels of
insulation based on an inside air set point of 21 ℃.

Figure 10 shows the resulting ECU power draw for two days
of weather data when calculating the power draw from Equation
1. The figure shows there are two peak power draw times: one
during the hottest time of day and the other during the coldest
part of the night.

A conduction heat transfer model was used to account for the
thermal resistive effects of the different layers between the
exterior and the interior environment of the shelter. The model
sums the resistive elements between the ambient temperature
(To) and the interior temperature (Ti) to account for the changes
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Fig. 10. Outside air temperature (blue) and the resulting ECU power draw (red)
based on an inside air set point of 21 ℃ (black).

After factoring in the incoming solar radiation and converting
it to useable power, then subtracting the ECU load, a load
profile is generated for the net power of the system as described
in (2).
𝑁𝑒𝑡 𝑃𝑜𝑤𝑒𝑟 [𝑘𝑊] = ⌊

𝐸𝑒 × 𝐴𝑎 × 𝜂𝑃𝑉 × 𝑃𝐹
⌋ − 𝑃𝐸𝐶𝑈
1000

(2)

Eq. 2. Net Power as a function of Insolation - Ee [W/m2], Area of the Array Aa [m2], PV efficiency– 𝜂𝑃𝑉 [%], Power factor of the entire system - PF [%] and
the Power draw from the ECU - PECU [kW].

Fig. 12. Resulting net power from a 100 m2 solar array (blue) and the 40 kWh
battery state of charge (red).

Figure 12 illustrates that the 100 m2 solar array generates
more energy than can be stored by the battery. This excess
energy can be quantified and used as a factor to determine a
more appropriate solar array size. Another factor to consider
when sizing the array is minimizing the amount of time that the
battery is fully discharged. These two considerations are plotted
in Figure 13 for various insulation levels.

Net power quantifies the ability of the solar array to meet
ECU demand, which is shown in Figure 11.

Fig. 13. Excess energy produced and the duration that the 40 kWh battery is
fully discharged plotted against an increasing solar array size. The uninsulated
case is represented by the dotted line, Fiberglass by the dot-dash line, Thinsulate
by the dashed line, and Aerogel by the solid line.
Fig. 11. Resulting net power from a 40 m2 solar array (blue) and the 40 kWh
battery state of charge (red).

When the net power is negative, the system drains the attached
battery. The theoretical battery used in this instance has a
capacity of 40 kWh and starts with a full charge. When paired
with a 40 m2 solar array, the battery charge is quickly depleted,
and by the end of the first night, it is discharged to the allowed
80% depth of discharge (DOD). The DOD limitation is used to
protect the battery and increase its service life when compared
to utilizing 100% DOD [21]. To contrast this example, Figure
12 shows the same input conditions, but with a 100 m2 solar
array to gather solar radiation.

Figure 13 indicates that for the baseline uninsulated case
(dotted line), the optimal point is an array size that is
approximately 95 m2. This array size minimizes both the time
at which the battery is fully discharged and the time when there
is excess energy generated. However, for the uninsulated
condition, there is a sizable amount of time where the battery is
discharged regardless of the solar array size. Insulation can
correct this and provide a more temperature-stable environment
for living and working, by minimizing heat transfer to the
outside air.
After incorporating insulation, the optimal size of the array
needed is decreased to approximately 67 m2 for fiberglass
insulation, referencing Figure 13. This level of insulation is
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cost-effective as a 28 m2 reduction in the solar array saves
$6,860 in component costs, with the fiberglass liner only
costing $5,000. Similarly, the transition from a fiberglass liner
to a Thinsulate liner is cost-effective, as the $1,225 savings
from a 67 → 62 m2 array nearly offsets the $1,400 liner price
differential.
However, when the insulation level increases from
Thinsulate to Aerogel, the $1,960 savings from the 62 → 54 m2
solar array cannot offset the $57,600 increase in liner cost. Due
to these factors, the Thinsulate liner was used for further
analysis in order to determine the operating cost of the HES.
A two-dimensional sweep of configurations for the HES was
performed. This included calculating the operating cost for the
HES as governed by Equations (3) and (4). By calculating the
cost of every combination of an array size between 1 m2 and
100 m2 coupled with a battery bank between 1 kWh and 100
kWh, the model is able to generate a heat map for the operating
cost of the system over a time period.
𝐻𝐸𝑆 𝐶𝑜𝑠𝑡 = 𝑓(𝐴𝑎 , 𝑘𝑊ℎ, 𝑅)

(3)
2

Eq. 3. HES Cost as a function of the Area of the array - Aa [m ], the size of the
lithium-ion battery kWh [kWh], and the insulation R value used R [unitless].

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 𝐻𝐸𝑆 𝐶𝑜𝑠𝑡 + [𝑡𝐷𝐵 × 𝐹𝑢𝑒𝑙𝑅𝑎𝑡𝑒 × 𝐹𝐵𝐶𝐹]

(4)

Eq. 4. Operating cost sums the HES cost with the cost of the fuel used by the
generator, as determined by the time that the battery is discharged – tDB [hours],
the fuel consumption rate of the generator FuelRate [L/hr] and the Fully
Burdened Cost of Fuel FBCF [$].

Fig. 15. Overall component and operating cost varying both solar array and
battery size for Thinsulate insulation, for one week of use.

Figure 15 demonstrates that after including the cost of
running a generator to make up for the time that the battery is
discharged, the overall cost relationship is mostly linear and is
strictly based on the size of the array and battery. The figure
illustrates the optimal system in terms of cost is at point (0,0),
which means that a renewable system is not cost-effective in
this scenario - the baseline generator should operate the ECU.
However, when the model is simulated using weather data for
the entire year, the backup generator fuel savings offset the
renewable energy component costs, resulting in an optimal
point. Figure 16 displays the resulting optimal system design
point for Kabul, Afghanistan.

The cost heat maps presented in Figures 15-17 are the result
of the optimization process detailed in Figure 14, which
accounts for component cost, one year of operation costs and
the penalty cost that results from backup generator usage.
Start
Calculate generatoronly component &
operation cost
Apply generator
penalty cost

Determine PV1..m and
battery1..n sizing range
Run simulation case
for PVm, batteryn

NO

Costs calculated for all
HES sizes?

Calculate HESm,n cost

YES
Lowest cost is
Optimal HES

Fig 14. Optimal HES cost optimization process

As shown in Equation (4), the model also includes a cost
penalty for every hour that the battery is drained, and the ECU
must be run on generator power. This penalty is calculated
using the FBCF of $4 per liter. Figure 15 incorporates the
penalty cost and displays the cost map for the system when
operating for one week.

Fig. 16. Overall component and operating cost varying both the solar array
and battery size for Thinsulate insulation, for one year of use in Kabul,
Afghanistan.

For the one-year Thinsulate insulation scenario in Kabul, the
optimal system design includes a 179 m2 array (29 kW) and a
90 kWh battery. A $111,200 total operating cost was calculated
by the model, including components and fuel consumed by the
generator over the course of the year.
In order to contrast the result from Kabul, Afghanistan, the
simulation was repeated using weather data from San Juan,
Puerto Rico. This scenario resulted in the same optimal
insulation (Thinsulate), and the optimal HES sizing included a
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smaller 122 m2 array (19.6 kW) connected to a 53 kWh battery.
The resulting component and operating cost map is presented
in Figure 17.

Fig. 17. Overall component and operating cost varying both the solar array
and battery size for Thinsulate insulation, for one year of use in San Juan
Puerto Rico.

As shown in Figure 17, a $65,160 total cost was calculated
by the model, including components and fuel. The full analysis
was simulated for other insulation values for both Kabul and
San Juan, with their optimal design costs listed in Table III.
TABLE III

Cost Analysis Results
Kabul, Afghanistan
Insulation
Type
Uninsulated
Fiberglass
Thinsulate
Aerogel

San Juan, Puerto Rico

1-Year Component 1-Year
Component
Cost [$K] Cost [$K] Cost [$K] Cost [$K]

127
121
111
145

113
92
86
133

109
69
65
115

89
60
58
109

For Kabul, Afghanistan, optimal solutions for each insulation
type had an array size that ranged from 154 m2 to 257 m2 with
battery capacity that ranged from 77 kWh to 126 kWh. The
overall optimal energy system had component costs for the
solar array and battery backup system of $86,197. Over the
course of one year, the fuel cost associated with running the
backup generator was $25,003, which is an average of fewer
than 100 minutes of operation per day. The annual operating
cost of the HES system is 31.1% of the $357K baseline
generator-only case.
The simulated system for San Juan, Puerto Rico, yielded
even more dramatic results. Optimal systems for all insulation
types had array sizes that ranged from 108 m2 to 197 m2, with
battery systems sized between 45 kWh and 101 kWh. The
lowest annual cost had a component cost of $58,000 and used
only $7.7K of fuel over one year (30 minutes of average usage
a day). This system resulted in an annual operating cost of

18.3%, compared to the baseline, generator only system.
V. CONCLUSIONS
This paper presented the development of an innovative costperformance model capable of optimizing solar array size,
battery backup system, and shelter insulation type at any
location. The model can minimize a shelter’s component and
operating cost as wells as reduce the reliance of isolated
military and disaster relief sites on fuel resupply. The results of
the case study analysis illustrate the unique capabilities of the
model in (1) analyzing the performance of a single shelter,
which allows the model to be scaled to any base size; (2)
computing system energy requirements based on weather
station data, ensuring the model can be adapted to any location
worldwide; and (3) incorporating insulation type into energy
calculations, enabling the model to consider a wide range of
shelter materials. The developed model should prove useful to
remote site planners, enabling them to design an optimal system
to minimize the annual operating cost of fabric shelters, while
incorporating site-specific climate data.
Two case studies were analyzed to demonstrate the use of the
model and display its unique capabilities in selecting optimal
design configurations. When using insolation, weather, and
energy requirement data to optimize a shelter in Southwest Asia
with Thinsulate insulation, the model generated an optimal
system configuration consisting of a 179 m2 solar array and a
90 kWh lithium-ion battery. When compared to a diesel
generator, the modeled energy system would reduce fuel
consumption by 93% and save $246 thousand within one year.
Using climate data from San Juan, Puerto Rico the model’s
optimized system was a 122 m2 array coupled with a 53 kWh
battery. The HES reduced baseline fuel consumption by 92%
and saved $292 thousand after one year.
A hybrid solar and battery energy system, when paired with
an optimal level of shelter insulation, is a promising candidate
to power ECUs in shelters for military or disaster relief
operations. They provide additional energy resilience to
mission essential components and reduce the amount of fuel
resupply convoys needed to operate the camp.
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